Abstract-Monochloramine (NH 2 Cl) is a physiological oxidant produced by activated neutrophils, and it affects apoptosis signaling. We studied the effects of NH 2 Cl on the cell death induced by etoposide, a widely used anticancer agent that is directed to DNA topoisomerase II. Jurkat T cells, a human acute T cell leukemia cell line, were pretreated with 70 M of NH 2 Cl for 10 min. After 24 h, 5-30 M of etoposide was added to the NH 2 Cl pretreated and control cells, and their apoptosis, caspase activity, cell morphology, and cellular DNA contents were measured. NH 2 Cl pretreatment significantly inhibited apoptosis and caspase activation induced by etoposide or camptothecin, a DNA topoisomerase I poison, but not by staurosporine or Fas stimulation. The apoptosis inhibition actually resulted in the proliferation of the survived cells and, notably, the survived cells showed more aberrant morphology, such as variation in nuclear size, nuclear fragments, and multinucleated cells. DNA content analysis of the survived cells showed an increase in aneuploid nuclei. Cell cycle analysis after 24 h of NH 2 Cl treatment showed a significant decrease in S phase cells with a concurrent increase in G 0 /G 1 phase cells, which suggested that NH 2 Cl induced G 1 arrest. Using synchronized Jurkat cells, etoposide and camptothecin were found to be particularly cytotoxic to S phase cells, whereas staurosporine and Fas stimulation were not. Thus NH 2 Cl-induced G 1 arrest was a likely cause of the observed resistance to etoposide. These observations suggested that inflammation-derived oxidants may make the tumor cells more resistant to etoposide and increase the risk of tumor progression and the development of secondary tumors by increasing the survival of DNA damage-bearing cells.
INTRODUCTION
Etoposide is a widely used anticancer agent against a variety of neoplasm such as small cell lung cancer, non-Hodgkin's lymphoma, leukemia, and germ cell tumors [1] . Despite its excellent anticancer activity, occasional development of secondary malignancy, mostly leukemia, is a serious problem [2] . Etoposide is a DNA topoisomerase II-directed agent. This enzyme relieves DNA windings and tangles by making transient DNA breaks and religations [3] . Etoposide stabilizes topoisomerase II-DNA complex, which is then converted to frank DNA strand breaks [4] . As a result, etoposide-treated cells show chromosomal aberrations and mutations, which includes large deletions, insertions, and DNA rearrangements [5] . These DNA damages are, on one hand, essential for the anticancer activity of etoposide, but on the other, they contribute to the development of secondary malignancy.
Cell death induced by etoposide often shows morphological and biochemical features of apoptosis [6] . The cell death signaling pathway includes c-Jun NH 2 -terminal kinase activation [7] , cytochrome c release from mitochondria, and caspase activation [8, 9] . Thus, factors that affect apoptosis signaling may alter etoposide-induced cell death and tumor development. Among them, reactive oxygen species derived from inflammation are particularly interesting because inflammatory reaction often associates with neoplasm and some reactive oxygen species affect apoptosis signaling [10] . We have reported that monochloramine (NH 2 Cl), a physiologically relevant oxidant derived from activated neutrophils, enhanced Fas-induced apoptosis, but, paradoxically, inhibited etoposide-induced apoptosis in Jurkat T cells [11] .
Chloramines are neutrophil-derived oxidants that are formed spontaneously in the reaction of hypochlorite with amines [12] . Hypochlorite is produced from H 2 O 2 and Cl Ϫ in the reaction catalyzed by myeloperoxidase [13] . Chloramines preferentially oxidize thiols and thioethers, and would modify cellular redox state and affect cell signaling. Chloramines can inhibit DNA repair [14] , generation of inflammatory mediators by macrophages [15] , and protein kinase C-mediated cellular responses [16] . In addition, substantial amounts of chloramines can be produced at the site of inflammation. In vitro study showed that neutrophil suspension at a concentration found in blood easily produces about 100 M of chloramine in a short-term culture [14] . These data suggest that chloramines are important oxidants in inflammation with signal-modulating functions. In this paper we report the effects of NH 2 Cl, a membrane-permeable derivative of chloramines, on the etoposide-induced cell death and DNA aberrations, and its mechanisms.
MATERIALS AND METHODS

Reagents
Etoposide and camptothecin were obtained from Calbiochem (La Jolla, CA, USA). Staurosporine was from Sigma Chemical Co. (St. Louis, MO, USA). Apoptosis-inducing antihuman Fas antibody (clone CH-11) was from MBL (Nagoya, Japan). Apoptosis detection kit using FITC-labeled annexin V was from Trevigen Inc. (Gaithersburg, MD, USA). Fluorogenic peptide substrates (Ac-Asp-Glu-Val-Asp (DEVD) -␣-(4-methyl-coumaryl-7-amide) (MCA)) was from Peptide Institute Inc. (Osaka, Japan). RNase A was from Nakarai Tesque (Kyoto, Japan). Monochloramine (NH 2 Cl) was prepared just before experiments as described previously [17] . All other reagents were of analytical grade or better.
Cell preparation and NH 2 Cl pretreatment
Jurkat T cell, a human acute T cell leukemia cell line, was obtained from Hayashibara Biochemical Laboratories Inc. (Fujisaki Cell Center; Okayama, Japan). The cell culture medium was RPMI 1640 supplemented with 10% (v/v) fetal bovine serum, 2 mM L-glutamine, and 110 mg/l sodium pyruvate (from Life Technologies, Inc.; Gaithersburg, MD, USA). Cells were grown in a CO 2 incubator containing 5% CO 2 at 37°C.
Monochloramine pretreatment was performed 24 h prior to the apoptosis induction as follows: Jurkat cells were suspended in the fresh medium at 1 ϫ 10 6 cells/ml, then 70 M of NH 2 Cl were added and incubated for 10 min at 37°C. As NH 2 Cl rapidly reacted with cells and medium components, virtually all NH 2 Cl disappeared during the 10 min incubation period. The treated cells were separated from the medium by centrifugation at 500 ϫ g for 5 min, resuspended in a fresh medium at 0.5 ϫ 10 6 cells/ml, and cultured for 24 h. Although NH 2 Cl treatment alone induced slight apoptosis as described before [11] , the dead cells were less than 10% at 24 h.
In addition to NH 2 Cl, the effects of various oxidants, namely H 2 O 2 , HOCl, and taurine chloramine, were also studied using the same procedure. The concentrations of these oxidants were measured by their UV absorption spectra as described previously [17] [18] [19] .
Apoptosis induction
Control and NH 2 Cl-pretreated cells were collected and resuspended in a fresh medium at 1 ϫ 10 6 cells/ml. Apoptosis-inducing reagents were added at the following final concentrations: etoposide, 5-30 M; camptothecin, 1 M; staurosporine, 100 nM; anti-Fas antibody, 100 ng/ml. Subsequent to the addition of each chemical, the cells were incubated for the indicated times in a CO 2 incubator at 37°C with 5% CO 2 . For the Fas-stimulated cells, fetal bovine serum was omitted from the medium because it contains some factor that inhibits apoptosis [20] .
Detection of apoptosis and necrosis
Detection of apoptosis and necrosis was performed as described previously [11] by FITC-labeled annexin V and propidium iodide (PI) dual-staining method, using a flow cytometer (FACSCalibur; Becton Dickinson; Mountain View, CA, USA). Cells stained with FITC-annexin V but not with PI were considered as apoptotic cells, and PI-positive cells were considered as necrotic cells. Data were collected from morphometrically homogeneous cell population, which typically contained about 80% of the cells. In some experiments, apoptosis was also measured using terminal deoxynucleotidyl transferase-mediated FITC-dUTP nick end labeling (TUNEL) method (MEBSTAIN apoptosis kit direct; MBL).
Measurement of caspase activity
Caspase activity in the cell lysate was studied by measuring the 7-amino-4-methyl-coumarine (AMC) liberation from the synthetic peptide substrate, Ac-DEVD-MCA, as described previously [11] . The released AMC was measured by a fluorescent spectrophotometer at ex-citation 380 nm and emission 460 nm. This method preferentially detects the activity of execution caspases, such as caspase 3.
Analysis of cell survival, DNA ploidy, and cell morphology after NH 2 Cl and/or etoposide treatment
Control and NH 2 Cl-pretreated cells were incubated with 5 M etoposide for 6 h, then washed three times, and resuspended in a fresh medium at 1 ϫ 10 6 cells/ml. Cells were cultured for 6 d and the viable cells were counted at the indicated times by a trypan-blue exclusion method.
On day 6, cell samples were analyzed for their DNA content by PI staining method as described previously [21] , except that the samples were supplemented with RNase A (200 g/ml). Cell smears were also prepared on the day 6, stained with May-Grünwald-Giemsa stain, and observed with a light microscope.
Cell cycle analysis and synchronous culture
Cell cycle was studied by measuring the DNA content as described above. Jurkat cells were synchronized by a double thymidine block method. Briefly, nonsynchronized cells were added with 2 mM thymidine and incubated for 11 h, when most of the G 2 /M population disappeared. Then the cells were washed twice and resuspended in a fresh medium. After 23 h, when most of the cells passed through S phase, 2 mM thymidine was added again and incubated for 11 h. After confirming that most of the cells were in G 0 /G 1 phase, cells were washed twice and resuspended in a fresh medium. After 15 h, when 78% of the cells were in S phase, samples were collected as S phase-enriched cells, and apoptosis-inducing chemicals were added. Some cells were continued culturing without apoptosis induction for up to 26 h, when 67% of the cells returned to G 0 /G 1 phase (G 0 /G 1 phase-enriched cells), and then apoptosis-inducing chemicals were added.
Statistical analysis
Results were tabulated for the indicated number of experimental samples. Group means were compared using Student's t-test for unpaired or paired samples with a two-tailed distribution. 
RESULTS
Inhibition of etoposide or camptothecin-induced apoptosis in NH 2 Cl-treated Jurkat cells
Monochloramine treatment (70 M for 10 min) of the Jurkat cells 24 h prior to the addition of etoposide (30 M) resulted in a significant decrease in apoptotic cell death (Fig. 1) . The dead cell population in NH 2 Cl ϩ etoposide-treated group was significantly decreased from that of etoposide-alone group at 6 h and later. Cell death induced by camptothecin, a DNA topoisomerase I poison, was also inhibited significantly by NH 2 Cl pretreatment. In contrast, staurosporine-or Fas-induced apoptosis was neither inhibited nor enhanced by NH 2 Cl treatment. In all cases, cell death began with apoptotic characteristics, i.e., externalization of phosphatidylserine with PI exclusion. Propidium iodide-positive cells increased substantially only after 24 h of apoptosis induction (data not shown). Apoptosis was also evaluated by DNA fragmentation using TUNEL method (Table 1) . Consistent with the results described above, addition of etoposide or camptothecin resulted in the emergence of TUNEL-positive cells, which was inhibited significantly by the NH 2 Cl pretreatment. Table 2 shows the effects of other neutrophil-derived oxidants on etoposide-induced apoptosis. Taurine chloramine and HOCl had no effects at 70 M. H 2 O 2 (70 M) slightly inhibited the apoptosis at 6 h, but this inhibitory effect was not observed at later time points (data not shown). Higher dose of HOCl (700 M) significantly inhibited the etoposide-induced apoptosis, and this effect was not altered significantly by the presence of NH 4 ϩ (100 M).
Cell survival, morphology, and DNA content after etoposide treatment
To compare cell survival, control and NH 2 Cl-pretreated cells were incubated with 5 M of etoposide for 6 h, then washed three times, and the culture was continued for 6 d. Among the NH 2 Cl ϩ etoposide-treated cells, viable cells decreased on day 1, then gradually increased by proliferation, and, on day 5, viable cells increased significantly from day 0 (Fig. 2) . This is in good contrast to the etoposide-alone samples, in which viable cells decreased steadily. The amount of viable cells in the NH 2 Cl ϩ etoposide-treated group was significantly higher than that of the etoposide-alone group at day 1 and later. Cells were treated as described in Fig. 1 and their apoptosis was evaluated by DNA fragmentation using TUNEL method 24 h after apoptosis induction. Cell samples were processed according to the manufacturer's instruction and analyzed by a flow cytometer. Mean Ϯ SD for three independent experiments. * Significantly increased from "None" sample (p Ͻ .05). † Significantly decreased from "No pretreatment" samples (p Ͻ .05). 14.8 Ϯ 1.0* Jurkat cells in fresh medium (1 ϫ 10 6 cells/ml) were pretreated with the indicated chemicals for 10 min, then the medium was changed and incubated for 24 h before etoposide addition (30 M). Apoptosis was measured 6 h after etoposide treatment using annexin V method. Mean Ϯ SD for three independent experiments. * Significantly decreased from "None" sample (p Ͻ .05). The survived cells were studied microscopically 6 d after the etoposide treatment. Etoposide treatment alone resulted in marked cell death (Fig. 3C) . Viable cells were scanty and most of the cells had condensed, pyknotic nuclei. A few large cells were also seen. Among NH 2 Cl ϩ etoposide-treated cells, viable cells were more numerous (Fig. 3D) . Notably, greater variation in the nuclear size, multinucleated cells with unequal-sized nuclei, cells with nuclear fragments, and incompletely divided cells that were connected with a thin strand of chromatin were also observed (Fig. 3D) . Monochloramine treatment alone (Fig. 3B) showed no apparent change from the nontreated controls (Fig. 3A) , and both of the cells were relatively regular in size.
DNA content of the survived cells were also measured using the same 6 d samples. In Fig. 4, area 2 contains G 0 /G 1 , S, and G 2 /M phases of the diploid cells. Most of the cells in control (Fig. 4A) and NH 2 Cl-alone group (Fig. 4B ) localized in this area. Area 1 represents the hypodiploid nuclei, which are considered to be dead cells [21] . Most of the etoposide-treated cells (Fig. 4C) were in area 1. Area 3 indicates hypertetraploid nuclei. Notably, NH 2 Cl ϩ etoposide-treated group (Fig. 4D) showed a significant increase in area 3 (3.0 Ϯ 0.7%, p Ͻ .05) when compared with the other groups, in which area 3 comprised less than 1%. Area 4 includes duplicated events, in which two or more cells were counted as a single event by mistake, and was excluded from the analysis.
Caspase activation
Caspase activity was measured 6 h after apoptosis induction. Caspase activation, as measured by DEVD cleavage activity, was significantly inhibited by NH 2 Cl pretreatment when etoposide or camptothecin was used as a stimulant (Fig. 5) . In contrast, Fas-induced caspase activation was enhanced slightly by NH 2 Cl pretreatment. Staurosporine-induced caspase activation was not affected significantly.
Cell cycle analysis of the NH 2 Cl-pretreated and control cells
As etoposide and camptothecin are reported to be particularly cytotoxic to S phase cells, we studied the cell cycle changes after NH 2 Cl treatment. After 24 h of NH 2 Cl treatment (70 M, 10 min), S phase population (17.9 Ϯ 1.0%) decreased significantly from that of controls (30.9 Ϯ 1.4%), with a concurrent increase in the G 0 /G 1 phase population (Fig. 6 ). G 2 /M phase population did not change significantly.
Cell cycle dependence of the apoptosis
Cell cycle dependence of the apoptosis induced by each chemical was studied using synchronized Jurkat cells. As expected, etoposide-and camptothecin-induced apoptosis were definitely cell cycle dependent, in which S phase-enriched cells were more susceptible to apoptosis than G 0 /G 1 phase-enriched cells (Fig. 7) . In contrast, staurosporine-or Fas-induced apoptosis was not different significantly between S phase and G 0 /G 1 phase.
DISCUSSION
In this paper, we reported that NH 2 Cl pretreatment made the Jurkat cells more resistant to etoposide-induced apoptosis. This inhibition was probably attributed to the G 1 arrest by the NH 2 Cl pretreatment. At the time of etoposide addition, NH 2 Cl-pretreated cells had a significant decrease in S phase cells with a concurrent increase in G 0 /G 1 phase cells. Our data, as well as previous reports [9, 22] , showed that etoposide-and camptothecininduced apoptosis were more pronounced in S phase cells than G 0 /G 1 cells. In contrast, staurosporine-and Fas-induced apoptosis were relatively independent of cell cycle. Thus, the observed inhibition of apoptosis by etoposide and camptothecin, but not by staurosporine and Fas stimulation, can be explained by the G 1 arrest by the NH 2 Cl pretreatment.
In this experiment, we added etoposide 24 h after the NH 2 Cl treatment because the S phase population was minimal at this time point. The significant decrease in S phase population was observed at 12 h after the NH 2 Cl treatment, reached a minimum at 24 h, and partially recovered at 48 h (data not shown). By contrast, the inhibition of etoposide-induced apoptosis was observed even when etoposide was added immediately after NH 2 Cl treatment [11] , reached a maximum at 12-24 h, and declined at 48 h (data not shown). This discrepancy can be explained by the lag between the actual cell proliferation status and the cell cycle distribution.
NH 2 Cl ϩ etoposide-treated cells probably received less DNA damage when compared with the cells treated with etoposide alone. DNA topoisomerase II␣ is reported to be the major target of etoposide [23] , and this enzyme is required for the formation of DNA strand breaks [5] . The expression of DNA topoisomerase II␣ increases in late S phase [24] . It is also reported that the amount of DNA topoisomerase II parallels with the cytotoxicity of etoposide [25] . Thus, NH 2 Cl-pretreated cells, as they had less S phase cells, probably received less DNA damage. Consistently, etoposide-induced caspase activation was significantly lower in NH 2 Cl-pretreated cells. As staurosporine-or Fas stimulation-induced caspase activation was not inhibited by NH 2 Cl pretreatment, execution caspases seem to be intact. Fas-induced caspase activation was enhanced in NH 2 Cl-treated cells, which is consistent with our previous report [11] .
Another point to be noted is that the NH 2 Cl-pretreated cells survived the etoposide treatment with damages in the DNA, which would increase the risk of neoplastic transformation and tumor progression. Microscopic observation showed nuclear fragments and variation in nuclear size. Flow cytometric measurement of DNA content showed an increase in hypertetraploid cells. These findings suggest an increase in the aneuploid cells in the survived population. Aneuploidy causes a massive imbalance in the gene dose, which would result in the metabolic imbalance through uncoordinated expression of proteins and enzymes. Recent analysis showed that aneuploidy produces qualitative changes in metabolism and genetic instability, which are the bases for tumorspecific phenotype, such as abnormal morphology, invasiveness, and progression to malignancy [26] . Indeed, tumor progression in human neoplasm often accompanies aberrant nuclear morphology.
The increase in aneuploid cells in our samples was probably caused by the genotoxic effects of etoposide, which is known to cause large deletions, insertions, and DNA rearrangements [27] . When G 0 /G 1 phase-enriched cells (prepared by the thymidine block method) were treated with etoposide for 6 h and cultured for 6 d, cells with aberrant morphology that was similar to NH 2 Cl ϩ etoposide-treated cells were observed (data not shown). Thus, etoposide was primarily important for the emergence of aberrant morphology in this experimental condition. Secondary leukemia by etoposide treatment often shows rearrangement of MLL gene in chromosome 11 [2] . Such DNA rearrangements might also increase when cells survived the etoposide treatment. Thus, the cell survival with damages in the DNA after etoposide treatment may increase the risk of neoplastic transformation and tumor progression.
Chloramine derivatives are physiologically relevant oxidants that would be produced especially in an acute inflammation. Membrane-permeable chloramines, such as NH 2 Cl, are also likely to be produced, because NH 4 ϩ exists at 20 -40 M in normal serum. Among various oxidants derived from activated neutrophils, NH 2 Cl was most effective in inhibiting the etoposide-induced apoptosis, when compared with H 2 O 2 , HOCl, and taurine chloramine. As taurine chloramine, a membrane-impermeable chloramine, was not effective, the target of chloramine was probably located inside the cell. HOCl was less effective in inhibiting the etoposide-induced apoptosis. Because of its high reactivity, a substantial amount of added HOCl probably reacted with medium and membrane components, and minor fraction of HOCl went into the cell. Supplementation of NH 4 ϩ (100 M) did not enhance the inhibitory effect of HOCl, which suggested that the conversion of HOCl to NH 2 Cl outside the cell was not required, although it is still possible that HOCl is converted to chloramine derivatives inside the cell.
Although we should be careful in extrapolating these in vitro results to the in vivo condition, our data indicate that inflammation-derived oxidants can attenuate etoposide cytotoxicity through the cell cycle arrest. Besides etoposide, other therapeutic methods, such as radiation and other drug therapeutics, may also be affected by NH 2 Cl, because their cytotoxic effects depend on the cell cycle [28, 29] . In addition, our data also indicated that inflammation-derived oxidants may enhance tumor progression by facilitating the survival of DNA damagebearing cells. As various degrees of inflammation are usually associated with neoplasm, and recent evidence suggests that inflammation-derived active oxygen species accelerate tumor progression [30] , this possibility also needs to be studied further.
